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(57) Abstract: Systems and methods employing a small guage steerable catheter (30) including a locatable guide (32) with a sheath 
(40), particularly as an enhancement to a bronchoscope (14). A typical procedure is as follows. The location of a target in a reference 
coordinate system is detected or imported. The catheter (30) is navigated to the target which tracking the distal tip (34) of the guide 
(32) in the reference coordinate system. Insertion of the catheter is typically via a working channel of a convention bronchoscope. 
Once the tip of the catheter is positioned at the target, the guide (32) is withdrawn, leaving the sheath (40) secured in place. The 
sheath (40) is then used as a guide channel to direct a medical tool to target. 
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Endoscope Structures and Techniques for Navigating to a Target in 

Branched Structure 

FIELD AND BACKGROUND OF THE INVENTION 

The present invention relates to endoscopes and, in particular, it 
5 concerns endoscope structures and techniques for navigating to a target in 
branched structure, such as the human lungs, and for bringing a medical tool to 
the target. 

Biopsy taken from suspected malignant tissue inside the bronchial tree is 
conventionally performed using a bronchoscope. The bronchoscope, which is a 

10 type of endoscope, is a flexible tube having a miniature camera at its tip. 
Actuated from a handle at its proximal end, its tip has the ability to deflect in 
two opposite directions, allowing it to be steered inside the bronchial tree. The 
bronchoscope also has a working channel, typically of internal diameter about 
2.8 mm, allowing a tool such as a biopsy forceps to be inserted and driven 

1 5 ahead of its distal tip. 

Once unidentified lung mass is discovered in a CT scan, a biopsy of this 
mass should be taken. The patient is positioned on an operating table, a 
bronchoscope is inserted into the bronchial tree and directed towards the mass. 
Once the tip of the bronchoscope is placed in contact with the mass, as 

20 validated by direct viewing of the mass in the bronchoscope image, a forceps is 
pushed via the working channel into the mass and biopsy is taken. 

While this technique is straightforward in principle, the practical 
application is often highly problematic. The air paths of the bronchial tree get 
progressively narrower as they branch with increasing depth into the bronchial 

25 tree. A typical bronchoscope is a two- or three-lumen structure (including fiber 
bundles for imaging and illumination and working channel for suction and/or 
tools) and is typically around 5 or 6 millimeters in diameter. In consequence, a 
bronchoscope can reach only the third, or at most the fourth, bifurcation level 
of the tree (indicated by a dashed circle in Figure 24). If the mass is at the 

30 periphery of the tree, the biopsy forceps must be pushed further ahead of the tip 
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of the bronchoscope in the estimated direction of the mass. The biopsy itself is 
then taken blindly. X-ray fluoroscopic imaging is often used as a visual aid, but 
this is only of any value for relatively large masses visible under a fluoroscope, 
and the two-dimensional images produced are a poor navigation aid, lacking 
5 depth perception. For these and other reasons, it is estimated that more than 
60% of the total number of bronchial biopsies are taken mistakenly in a wrong 
location. 

Various devices have been proposed in order to try to ameliorate the 
limitations of bronchoscopes. Of particular interest is U.S. Patent No. 

10 4,586,491 to Carpenter which discloses a bronchoscope with a small gauge 
viewing attachment. The viewing attachment is selectively advanced past the 
end of the bronchoscope to view tissue beyond the reach of the main 
bronchoscope shaft. 

Although the device of Carpenter allows viewing of tissue within 

15 passageways too narrow for the bronchoscope to enter, it is very limited in its 
usefulness. Firstly, the viewing attachment is not steerable, relying instead on 
the pointing direction of the end of the bronchoscope. As a result, the viewing 
attachment is limited in its capabilities to reach target tissue. Secondly, the 
system provides no location information to facilitate navigation to the target 

20 tissue. Finally, the device is of little or no use for navigating a medical tool to 
the target location. If the viewing attachment is removed to allow introduction 
of a tool to the working channel, manipulation of the tool must again be 
performed "blindly" without any guarantee that the correct target tissue has 
been reached. 

25 There is therefore a need for endoscopes and corresponding methods 

which facilitate navigation to a target within a branched structure such as the 
bronchial tree, and which allows a medical tool to be brought accurately to the 
target. 



2 
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SUMMARY OF THE INVENTION 

The present invention provides endoscope structures and corresponding 
techniques for navigating to a target in branched structure, such as the human 
lungs, and for bringing a medical tool to the target. 
5 According to the teachings of the present invention there is provided, a 

method for steering a catheter through a branched structure to a target location, 
the method comprising: (a) providing a flexible, steerable catheter with a 
position sensor element located near a distal tip of the catheter, the position 
sensor element being part of a position measuring system measuring a position 

10 and a pointing direction of the tip of the catheter relative to a three-dimensional 
frame of reference; (b) designating the target location relative to the three- 
dimensional frame of reference; (c) advancing the catheter into the branched 
structure; and (d) displaying a representation of at least one parameter defined 
by a geometrical relation between the pointing direction of the tip of the 

15 catheter and a direction from the tip of the catheter towards the target location. 

According to a further feature of the present invention, the at least one 
parameter includes an angular deviation between the pointing direction of the 
tip of the catheter and a direction from the tip of the catheter towards the target 
location. 

20 According to a further feature of the present invention, the at least one 

parameter includes a direction of deflection required to bring the pointing 
direction of the catheter into alignment with the target location. 

According to a further feature of the present invention, the 
representation of at least one parameter is displayed in the context of a 

25 representation of a view taken along the pointing direction of the tip of the 
catheter. 

According to a further feature of the present invention, the position 
sensor element is part of a six-degrees-of-freedom position measuring system 
measuring the position and attitude of the tip of the catheter in three 
30 translational and three rotational degrees of freedom. 
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According to a further feature of the present invention, the catheter is 
further provided with a multi-directional steering mechanism configured for 
selectively deflecting a distal portion of the catheter in any one of at least three 
different directions. 

5 According to a further feature of the present invention, a path traveled 

by the tip of the catheter is monitored by use of the position sensor element and 
a representation of the path traveled is displayed together with a current 
position of the tip, the representation being projected as viewed from at least 
one direction non-parallel to the pointing direction of the tip. 
1 0 According to a further feature of the present invention, the designating 

the target location is performed by: (a) designating a target location by use of 
computerized tomography data generated from the branched structure; and 
(b) registering the computerized tomography data with the three-dimensional 
frame of reference. 

15 According to a further feature of the present invention, the registering is 

performed by: (a) providing the steerable catheter with a camera; (b) generating 
a camera view of each of at least three distinctive features within the branched 
structure; (c) generating from the computerized tomography data a simulated 
view of each of the at least three distinctive features, each camera view and a 

20 corresponding one of the simulated views constituting a pair of similar views; 
(d) allowing an operator to designate a reference point viewed within each of 
the camera views and a corresponding reference point viewed within each 
corresponding simulated view; and (e) deriving from the designated reference 
points a best fit registration between the computerized tomography data and the 

25 three-dimensional frame of reference. 

According to a further feature of the present invention, an intended route 
through the branched structure is designated by use of the computerized 
tomography data and a representation of the intended route is displayed 
together with a current position of the tip, the representation being projected as 

30 viewed from at least one direction non-parallel to the pointing direction of the 
tip. 
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According to a further feature of the present invention: (a) a current 
position of the position sensor element is detected; (b) a virtual endoscopy 
image is generated from the computerized tomography data corresponding to 
an image that would be viewed by a camera located in predefined spatial 
5 relationship and alignment relative to the position sensor element; and 
(c) displaying the virtual endoscopy image. 

According to a further feature of the present invention, the branched 
structure is a lung structure. 

According to a further feature of the present invention, measurements of 
10 the position and pointing direction of the tip of the catheter are processed so as 
to reduce variations resulting from cyclic motion. 

According to a further feature of the present invention, the processing 
includes selectively taking measurements at an extreme of a cyclic motion. 

According to a further feature of the present invention, the processing 
1 5 includes applying a low-frequency filter to the measurements. 

According to a further feature of the present invention, the processing 
includes calculating an average of the measurements over a time period of the 
cyclic motion. 

According to a further feature of the present invention, the steerable 
20 catheter further includes: a sheath having a lumen extending from a proximal 
insertion opening to a distal opening; and a guide element configured for 
insertion through the proximal opening of the sheath to an inserted position 
extending along the lumen to the distal opening, the guide element including at 
least part of an imaging system deployed for taking optical images of a region 
25 beyond the distal opening, the method further comprising: (a) guiding the 
steerable catheter to a position with the tip adjacent to the target location; and 
(b) withdrawing the guide element from the lumen to leave the lumen available 
for insertion of a medical tool. 

According to a further feature of the present invention, a medical tool is 
30 prepared for insertion into the lumen by: (a) inserting the medical tool into a 
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calibration tube, the calibration tube having a length corresponding to a length 
of the lumen; and (b) marking an extent of insertion on the tool. 

According to a further feature of the present invention, the calibration 
tube is a coiled storage tube employed to store the guide element prior to use, 
5 the guide element being removed from the storage tube prior to inserting the 
tool. 

According to a further feature of the present invention, the steerable 
catheter further includes a handle having a working channel, a sheath deployed 
within the working channel and having an internal lumen, and a guide element 

10 including the position sensor element deployed within the lumen, the method 
further comprising: (a) locking the guide element within the sheath so as to 
prevent movement of the guide element relative to the sheath; (b) guiding the 
sheath and the guide element to the target location; (c) locking the sheath 
within the working channel to prevent relative movement of the sheath relative 

15 to the handle; and (d) unlocking and withdrawing the guide element from the 
sheath so as to leave the lumen of the sheath in place as a guide for inserting a 
tool to the target location. 

According to a further feature of the present invention, a selectively 
actuatable anchoring mechanism is associated with a portion of the sheath. 

20 According to a further feature of the present invention, the selectively 

actuatable anchoring mechanism includes an inflatable element. 

According to a further feature of the present invention, the selectively 
actuatable anchoring mechanism includes a mechanically deployed element. 

According to a further feature of the present invention, the guide 

25 element further includes an image sensor deployed for generating an image in 
the pointing direction of the catheter, the image sensor being withdrawn from 
the sheath as part of the guide element. 

According to a further feature of the present invention, at least part of 
the location sensor is formed from translucent material, the method further 

30 comprising illuminating at least part of a field of view of the image sensor by 
directing illumination through at least one region of the translucent material. 
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According to a further feature of the present invention, at least part of a 
field of view of the image sensor is illuminated by using at least a distal portion 
of the sheath as an optical waveguide. 

According to a further feature of the present invention, illumination is 
5 supplied to the optical waveguide from at least one light source mounted within 
the guide element. 

According to a further feature of the present invention, illumination is 
supplied to the optical waveguide from at least one light source associated with 
the handle. 

10 According to a further feature of the present invention, the guide 

element further includes a radioactivity sensor, the sensor being withdrawn 
from the sheath as part of the guide element. 

According to a further feature of the present invention, the steerable 
catheter is a flexible endoscope. 

15 According to a further feature of the present invention, the steerable 

catheter is a flexible bronchoscope. 

There is also provided according to the teachings of the present 
invention, a method for achieving registration between computerized 
tomography data and a three dimensional frame of reference of a position 

20 measuring system, the method comprising: (a) providing a catheter with: (i) a 
position sensor element which operates as part of the position measuring 
system to allow measurement of a position and a pointing direction of the tip of 
the catheter relative to the three-dimensional frame of reference, and (ii) an 
image sensor; (b) generating from the computerized tomography data at least 

25 three simulated views of distinctive features within the branched structure; 
(c) generating at least three camera views of the distinctive features, each 
camera view and a corresponding one of the simulated views constituting a pair 
of similar views; (d) allowing an operator to designate a reference point viewed 
within each of the camera views and a corresponding reference point viewed 

30 within each corresponding simulated view; and (e) deriving from the 
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designated reference points a best fit registration between the computerized 
tomography image and the three-dimensional frame of reference. 

According to a further feature of the present invention, designation of a 
reference point within each of the camera views by the operator is performed 
5 by the operator bringing the position sensor element into proximity with the 
reference point. 

According to a further feature of the present invention, designation of a 
reference point within each simulated view by the operator is performed by: 
(a) the operator selecting a simulated image reference point within each 

10 simulated view; (b) calculating from the simulated image reference point a 
simulated-viewing-point-to-reference-point vector; and (c) calculating a point 
of intersection between the simulated- viewing-point-to-reference-point vector 
and a tissue surface in a numerical model of a portion of the body derived from 
the computerized tomography data. 

15 According to a further feature of the present invention: (a) at least one 

location within the computerized tomography data is identified; (b) a position 
of the at least one location is calculated within the three-dimensional frame of 
reference; and (c) a representation of the at least one location is displayed 
together with a representation of a position of the position sensor element. 

20 According to a further feature of the present invention, the at least one 

location includes a target location to which a medical tool is to be directed. 

According to a further feature of the present invention, the at least one 
location is a series of locations defining a planned path along which a medical 
tool is to be directed. 

25 There is also provided according to the teachings of the present 

invention, a method for achieving registration between computerized 
tomography data and a three dimensional frame of reference of a position 
measuring system, the method comprising: (a) providing a catheter with: (i) a 
position sensor element which operates as part of the position measuring 

30 system to allow measurement of a position and a pointing direction of the tip of 
the catheter relative to the three-dimensional frame of reference, and (ii) an 

8 
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image sensor; (b) moving the tip of the catheter along a first branch portion of a 
branched structure and deriving a plurality of images from the camera, each 
image being associated with corresponding position data of the position sensor 
in the three dimensional frame of reference; (c) processing the images and 
5 corresponding position data to derive a best-fit of a predefined geometrical 
model to the first branch portion in the three dimensional frame of reference; 
(d) repeating steps (b) and (c) for a second branch portion of the branched 
structure; and (e) correlating the geometrical models of the first and second 
branch portions with the computerized tomography data to derive a best fit 

10 registration between the computerized tomography data and the three 
dimensional frame of reference. 

According to a further feature of the present invention, the processing 
the images and corresponding position data includes: (a) identifying visible 
features each of which is present in plural images taken at different positions; 

15 (b) for each of the visible features, deriving a camera-to-feature direction in 
each of a plurality of the images; (c) employing the camera-to-feature 
directions and corresponding position data to determine a feature position for 
each visible feature; and (d) deriving a best-fit of the predefined geometrical 
model to the feature positions. 

20 According to a further feature of the present invention, the predefined 

geometrical model is a cylinder. 

According to a further feature of the present invention: (a) at least one 
location within the computerized tomography data is identified; (b) a position 
of the at least one location within the three-dimensional frame of reference is 

25 calculated; and (c) a representation of the at least one location is displayed 
together with a representation of a position of the position sensor element. 

According to a further feature of the present invention, the at least one 
location includes a target location to which a medical tool is to be directed. 

According to a further feature of the present invention, the at least one 

30 location is a series of locations defining a planned path along which a medical 
tool is to be directed. 
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There is also provided according to the teachings of the present 
invention, an endoscope for guiding a medical tool to a target location, the 
endoscope comprising: (a) a sheath having a lumen extending from a proximal 
insertion opening to a distal opening; (b) a guide element configured for 
5 insertion through the proximal opening of the sheath to an inserted position 
extending along the lumen to the distal opening, the guide element including at 
least part of an imaging system deployed for taking optical images of a region 
beyond the distal opening; and (c) at least one steering mechanism for co- 
deflecting the sheath and the guide element, wherein the guide element is 
10 retractable from the lumen to leave the lumen available for insertion of a 
medical tool. 

According to a further feature of the present invention, the at least part 
of an imaging system includes an optical sensor chip deployed at a distal end of 
the guide element. 

15 According to a further feature of the present invention, the guide 

element includes a position sensor element, the position sensor element being 
part of a position measuring system measuring a position and a pointing 
direction of a tip of the guide element relative to a three-dimensional frame of 
reference. 

20 According to a further feature of the present invention, at least part of 

the position sensor element is formed from translucent material, the endoscope 
further comprising an illumination arrangement deployed to direct illumination 
through at least one region of the translucent material so as to illuminate at 
least part of the region beyond the distal opening. 

25 According to a further feature of the present invention, there is also 

provided a selectively actuatable anchoring mechanism associated with a 
portion of the sheath. 

According to a further feature of the present invention, the selectively 
actuatable anchoring mechanism includes an inflatable element. 

30 According to a further feature of the present invention, the selectively 

actuatable anchoring mechanism includes a mechanically deployed element. 

10 
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According to a further feature of the present invention, at least a distal 
part of the sheath is substantially radio-opaque. 

According to a further feature of the present invention, there is also 
provided at least one radio-opaque marked associated with a distal end of the 
5 sheath. 

According to a further feature of the present invention, at least a distal 
portion of the sheath is implemented as an optical waveguide. 

According to a further feature of the present invention, there is also 
provided at least one light source mounted within the guide element for 
10 illuminating at least part of the region beyond the distal opening. 

According to a further feature of the present invention, there is also 
provided at least one optical fiber deployed along the length of the guide 
element for delivering illumination to at least part of the region beyond the 
distal opening. 

15 According to a further feature of the present invention, the guide 

element further includes a radioactivity sensor, the sensor being withdrawn 
from the sheath as part of the guide element. 

There is also provided according to the teachings of the present 
invention, a method of guiding a medical tool through a branched structure to a 

20 target location, the method comprising: (a) providing a catheter assembly 
including a handle having a working channel, a sheath deployed within the 
working channel and having an internal lumen, and a guide element deployed 
within the lumen; (b) locking the guide element within the sheath so as to 
prevent movement of the guide element relative to the sheath; (c) guiding the 

25 sheath and the guide element to the target location; (d) locking the sheath 
within the working channel to prevent relative movement of the sheath relative 
to the handle; and (e) unlocking and withdrawing the guide element from the 
sheath so as to leave the lumen of the sheath in place as a guide for inserting a 
tool to the target location. 

30 There is also provided according to the teachings of the present 

invention, the guide element includes a position sensor element, the position 

11 
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sensor element being part of a position measuring system measuring a position 
and a pointing direction of a tip of the guide element relative to a three- 
dimensional frame of reference. 

There is also provided according to the teachings of the present 
5 invention, a selectively actuatable anchoring mechanism is associated with a 
portion of the sheath. 

There is also provided according to the teachings of the present 
invention, the selectively actuatable anchoring mechanism includes an 
inflatable element. 

10 There is also provided according to the teachings of the present 

invention, the selectively actuatable anchoring mechanism includes a 
mechanically deployed element. 

There is also provided according to the teachings of the present 
invention, at least a distal part of the sheath is treated so as to be substantially 
15 radio-opaque. 

There is also provided according to the teachings of the present 
invention, at least one radio-opaque marked is associated with a distal end of 
the sheath. 

There is also provided according to the teachings of the present 
20 invention, the guide element further includes an image sensor deployed for 
generating an image in the pointing direction of the catheter, the image sensor 
being withdrawn from the sheath as part of the guide element. 

There is also provided according to the teachings of the present 
invention, a field of view of the image sensor is illuminated by using at least a 
25 distal portion of the sheath as an optical waveguide. 

There is also provided according to the teachings of the present 
invention, illumination is supplied to the optical waveguide from at least one 
light source mounted within the guide element. 

There is also provided according to the teachings of the present 
30 invention, illumination is supplied to the optical waveguide from at least one 
light source associated with the handle. 

12 
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There is also provided according to the teachings of the present 
invention, the guide element further includes a radioactivity sensor, the sensor 
being withdrawn from the sheath as part of the guide element. 

There is also provided according to the teachings of the present 
5 invention, a steering mechanism for selectively deflecting a distal portion of a 
steerable catheter in any one of at least two independent directions, the 
mechanism comprising: (a) at least three elongated tensioning elements 
extending along the catheter and configured such that tension applied to any 
one of the tensioning elements causes deflection of a tip of the catheter in a 
10 corresponding predefined direction; (b) an actuator displaceable from a first 
position to a second position; and (c) a selector mechanism configured for 
selectively mechanically interconnecting a selected at least one of the elongated 
tensioning elements and the actuator such that displacement of the actuator 
from the first position to the second position applies tension to the selected at 
1 5 least one of the elongated tensioning elements. 

According to a further feature of the present invention, a first state of the 
selector mechanism mechanically interconnects a single one of the elongated 
tensioning elements with the actuator such that displacement of the actuator 
generates deflection of the tip in one of the predefined directions, and a second 
20 state of the selector mechanism mechanically interconnects two of the 
elongated tensioning elements with the actuator such that displacement of the 
actuator generates deflection of the tip in an intermediate direction between 
two of the predefined directions. 

According to a further feature of the present invention, the at least three 
25 tensioning elements includes an even number of the tensioning elements, pairs 
of the tensioning elements being implemented as a single elongated element 
extending from the selector mechanism along the catheter to the tip and back 
along the catheter to the selector mechanism. 

According to a further feature of the present invention, the at least three 
30 tensioning elements is implemented as four tensioning elements deployed such 
that each tensioning element, when actuated alone, causes deflection of the tip 

13 
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in a different one of four predefined directions separated substantially by 
multiples of 90°. 

According to a further feature of the present invention, a first state of the 
selector mechanism mechanically interconnects a single one of the elongated 
5 tensioning elements with the actuator such that displacement of the actuator 
generates deflection of the tip in one of the four predefined directions, and a 
second state of the selector mechanism mechanically interconnects two of the 
elongated tensioning elements with the actuator such that displacement of the 
actuator generates deflection of the tip in one of four intermediate directions 

10 each lying between two of the four predefined directions. 

According to a further feature of the present invention, the actuator 
includes a ring which is slidable relative to a handle associated with the 
catheter, and wherein the selector mechanism includes a slide attached to each 
of the tensioning elements and slidably deployed within the handle and at least 

15 one projection projecting from the ring such that, when the ring is rotated, the 
at least one projection selectively engages at least one of the slides such that 
displacement of the ring causes movement of the at least one slide. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is herein described, by way of example only, with 
20 reference to the accompanying drawings, wherein: 

FIG. 1 is a schematic overall representation of a system, constructed and 
operative according to the teachings of the present invention, for navigating to 
a target within a branched structure; 

FIG. 2 is a schematic side view of a steerable catheter, constructed and 
25 operative according to the teachings of the present invention, for use in the 
system of Figure 1; 

FIG. 3 is a schematic isometric view of a tip portion of the catheter of 
Figure 2; 
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FIGS. 4A and 4B are schematic cross-sectional views through a steering 
mechanism controller from the catheter of Figure 2 in a non-actuated state, and 
an actuated state, respectively; 

FIGS. 5A-5C are cross-sectional views taken along the line V-V in 
5 Figure 4A showing a steering direction selector in first, second and third 
positions, respectively; 

FIG. 6A is a schematic isometric view showing the hand position of a 
practitioner during selection of a steering direction of the catheter of Figure 2; 

FIG. 6B is a schematic isometric view showing the hand position of a 
10 practitioner during navigation of the catheter of Figure 2; 

FIG. 7 is a schematic cross-sectional view of an alternative 
implementation of the tip portion of the catheter of Figure 2 including an image 
sensor; 

FIG. 8 is a schematic isometric view illustrating an arrangement for 
1 5 acquiring a target location in a position sensor frame of reference using isotopic 
labeling and an external detector; 

FIG. 9 is a block diagram illustrating a procedure for acquiring a target 
location using an external detector such as in the arrangement of Figure 8; 

FIG. 10 is a block diagram illustrating a first procedure according to the 
20 present invention for correlating CT data with a location measurement system; 

FIG. 11 is a display screen from a CT-based virtual bronchoscopy 
system including a simulated view of the carina between the main left and right 
bronchi for designation of a fiducial point for the procedure of Figure 10; 

FIG. 12A is a bronchoscope view of the carina similar to the simulated 
25 view of Figure 1 1 ; 

FIG. 12B is a view similar to Figure 12A after the bronchoscope has 
been advanced to bring a location sensor into proximity with a point on the 
carina for use as a fiducial point in the procedure of Figure 10; 

FIG. 13 is a block diagram illustrating a second procedure according to 
30 the present invention for correlating CT data with a location measurement 
system; 



WO 03/086498 



PCT/IL03/00323 



FIGS. 14A and 14B are schematic representations of views from an 
image sensor, such as that of the catheter of Figure 7, showing an identifiable 
feature on the wall of a vessel as viewed from two viewing positions; 

FIGS. 15A and 15B are schematic side views of the viewing positions of 
5 the tip of the catheter within part of a branched structure from which the views 
of Figures 14A and 14B, respectively, are obtained; 

FIG. 16 is a schematic side view of the part of the branched structure 
indicating the determination of a location of the identifiable feature by 
triangulation; 

10 FIGS. 17A and 17B are schematic illustrations of a tip-to-target display 

at two stages during navigation of the catheter of Figure 2 or Figure 7 towards 
a target; 

FIGS. 18A, 18B and 18C are additional tip-to-target displays in sagittal, 
AP and axial representations, respectively; 
15 FIG. 19 is a display screen which combines the tip-to-target display of 

Figure 17A with dynamic CT-based displays corresponding to axial, sagittal 
and AP planes passing through the current catheter tip position; 

FIGS. 20A-20D are schematic representations explaining a local 
distortion correction technique for correcting for body posture induced 
20 distortion between the CT data and measured positions; 

FIG. 21 is a schematic illustration of an alternative implementation of 
the distortion correction technique by use of a transformation operator; 

FIG. 22 is a block diagram illustrating a preferred sequence of use of the 
endoscope according to the teachings of the present invention; 
25 FIG. 23 is a schematic isometric view illustrating the use of a coiled 

storage tube as a calibration tube for calibrating the length of a tool for use in 
the endoscope of the present invention; and 

FIG. 24 is a schematic AP representation of the human lungs indicating 
by a dashed circle the region accessible to a conventional bronchoscope. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention provides endoscope structures and corresponding 
techniques for navigating to a target in branched structure, such as the human 
lungs, and for bringing a medical tool to the target. 
5 The principles and operation of endoscopes and navigation techniques 

according to the present invention may be better understood with reference to 
the drawings and the accompanying description. 

Before addressing the drawings directly, it will be helpful to understand 
that the present invention provides a system and corresponding methods 

10 including multiple features each of which is believed to be patentable in its 
own right, and many of which may have utility independent of the other 
features of the invention in contexts other than the context described herein. 
For clarity of presentation, as well as to illustrate the synergy between the 
different aspects of the invention when combined, the various features will be 

15 described herein in the context of a combined system and accompanying 
procedural techniques with only a small number of variants described 
explicitly. The applicability of the various features of apparatus and methods 
according to the present invention, and as defined by the appended claims, in 
other contexts will be self explanatory to one ordinarily skilled in the art. 

20 By way of general introduction, one primary aspect of the present 

invention, common to many of the aforementioned patentable features, is a 
structure and method which addresses the limitations of the conventional 
bronchoscope as discussed above by providing a small gauge steerable catheter 
including a locatable guide within a sheath. The outline of a typical procedure 

25 using this catheter is as follows: 

a. The location of a target in a reference coordinate system is detected 
or imported. 

b. The catheter is navigated to the target while tracking the distal tip of 
the guide in the reference coordinate system. Insertion of the catheter 

30 is typically via a working channel of a conventional bronchoscope. 
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c. Once the tip of the catheter is positioned at the target, the guide is 
withdrawn, leaving the sheath secured in place. 

d. The sheath is then used as a guide channel to direct a medical tool to 
the target. 

5 For clarity of presentation, the following description will be subdivided 

as follows. First, with reference to Figures 1-7, the preferred structure of a 
catheter and the accompanying system constructed and operative according to 
the teachings of the present invention will be described. Then, with reference to 
Figures 8-16, various techniques for acquiring target locations within the 
10 reference coordinate system will be discussed. With reference to Figures 17A- 
21, various navigation aids, navigation techniques and associated corrections 
will be described. Finally, with reference to Figures 22 and 23, various aspects 
of the present invention relating to the use of medical tools inserted via a sheath 
will be discussed. 

15 General Structure 

Referring now to the drawings, Figure 1 is a schematic overall 
representation of a system, constructed and operative according to the 
teachings of the present invention, for navigating to a target within a branched 
structure; 

20 Specifically, Figure 1 shows a patient 10 lying on an operating table 12. 

A bronchoscope 14 is inserted into his lungs. Bronchoscope 14 is connected to 
the monitoring equipment 16, and typically includes a source of illumination 
and an video imaging system. In certain cases, the device of the present 
invention may be used without a bronchoscope, as will be described below. A 

25 position measuring system monitors the position of the patient 10, thereby 
defining a set of reference coordinates. A particularly preferred position 
measuring system is a six degrees-of-freedom electromagnetic position 
measuring system according to the teachings of U.S. Patent No. 6,188,355 and 
published PCT Application Nos. WO 00/10456 and WO 01/67035. In this case, 

30 a transmitter arrangement 18 is implemented as a matt positioned beneath 
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patient 10. A number of miniature sensors 20 are interconnected with a 
tracking module 22 which derives the location of each sensor 20 in 6 DOF 
(degrees of freedom). At least one, and preferably three, reference sensors 20 
are attached to the chest of patient 10 and their 6 DOF coordinates sent to a 
5 computer 24 where they are used to calculate the patient coordinate frame of 
reference. 

Also visible in Figure 1 is a catheter assembly 30, constructed and 
operative according to the teachings of the present invention, which is shown 
inserted via a working channel of bronchoscope 14. Catheter assembly 30 is 

10 shown more clearly in Figure 2. Catheter assembly 30 includes a locatable 
guide 32 which has a steerable distal tip 34, a flexible body 36 and, at its 
proximal end, a control handle 38. Guide 32 is inserted into a sheath 40 within 
which it is locked in position by a locking mechanism 42. A position sensor 
element 44, operating as part of the position measuring system of Figure 1, is 

15 integrated with distal tip 34 and allows monitoring of the tip position and 
orientation (6 DOF) relative to the reference coordinate system. 

Turning now to the steering mechanism of catheter 30, it should be 
noted that the present invention may optionally be implemented with a 
conventional steering mechanism which provides a single direction of 

20 deflection. It has been found however that, due to the fine gauge of the catheter 
and extensive area in contact with surfaces of the surrounding lumen, it 
becomes difficult to reliably turn the catheter about its longitudinal axis to align 
the flexing direction with a desired steering deflection direction. To address 
this issue, the present invention preferably provides a multi-directional steering 

25 mechanism with a manual direction selector which allows selection of a 
steering direction by the practitioner without rotation of the catheter body. It 
should be noted that the steering mechanism described herein is useful in a 
wide range of applications independent of the other features of the present 
invention, and is believed to be patentable in its own right. 

30 Turning now to Figure 3, this shows an enlarged view of distal tip 34 

with position sensor element 44 mounted on a base 46 to which at least three, 
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and preferably four, elongated tensioning elements ("steering wires") 48 are 
attached. Steering wires 48 are deployed such that tension on each wire 
individually will steer the tip towards a predefined lateral direction. In the 
preferred case of four wires, the directions are chosen to be opposite directions 
5 along two perpendicular axes. In other words, the four wires are deployed such 
that each wire, when actuated alone, causes deflection of said tip in a different 
one of four predefined directions separated substantially by multiples of 90°. 
For practical reasons of ease of manufacture and reliability, wires 48 are 
preferably implemented as pairs of wires formed from a single long wire 

10 extending from handle 38 to tip 34, bent over part of base 46, and returning to 
handle 38, as shown. 

Referring now back to Figure 2, and to the cross-sectional views of 
Figures 4A-5C, handle 38 has an actuator, displaceable from a first position to 
a second position, and a selector mechanism for selectively mechanically 

15 interconnecting at least one of the steering wires and the actuator such that 
displacement of said actuator from its first position to its second position 
applies tension to a selected one or more of steering wires 48. In the 
implementation shown here, the actuator is implemented as a slidable collar 50 
which can be drawn rearwards relative to a fixed portion of handle 38. The 

20 selector mechanism is here implemented as best seen in Figures 4A-5C as a 
rotational dial mechanism where a ridge, projection or step 52 on an internal 
surface of collar 50 selectively engages one or more slides, implemented here 
as actuator blocks 54a, 54b, 54c, 54d, each of which is connected to a steering 
wire 48. When collar 50 is slid from its initial position (Figure 4A) to its 

25 retracted position (Figure 4B), step 52 engages one or more actuator block 
(here block 54a) so as to apply tension to the corresponding wire 48. The 
remaining actuator blocks (only 54c is visible in Figure 4B) remain in place. 

Figures 5A-5C show an axial view of the selector mechanism in three 
different states. In Figure 5A, step 52 overlaps the actuator block 54a 

30 corresponding to the steering wire for upward deflection of the guide element. 
Clearance slots 56 ensure that the remaining actuator blocks 54A, 54c, 54d are 
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not affected by sliding of collar 50. In Figure 5B, collar 50 has been turned 45° 
such that step 52 overlaps two adjacent actuator blocks 54a and 54b. In this 
position, sliding of collar 50 applies tension to the corresponding two steering 
wires at the same time, thereby causing deflection of distal tip 34 in an 
5 intermediate direction between the predefined primary directions. Figure 5C 
shows the selector mechanism after collar 50 has been turned through a further 
45° such that it now engages exclusively the actuator block 54d on the left side 
of the figure as viewed. 

It will be apparent that the structure described offers a highly 

10 controllable and easily operated steering mechanism in which a plurality of 
steering wires provides selective deflection of the catheter tip in any of at least 
two independent directions. "Independent directions" are hereby defined in this 
context as flexing directions which are non-coplanar. In the preferred example 
illustrated here, four steering wires provide eight different steering directions, 

15 selectable by the turn of a dial, spaced at roughly 45° increments. In a further 
variant implementation (not shown), the actuator and/or selector mechanism 
are configured to apply uneven tension on two wires so as to achieve additional 
intermediate steering directions or a substantially continuously adjustable 
steering direction. A simple implementation of such a mechanism employs a V- 

20 shaped actuator step such that mechanical engagement with the actuator blocks 
occurs an adjustable axial distance from the rest position of the actuator. 

Clearly, the mechanical implementation of the actuator and selector 
mechanism may vary considerably. Minor variations include implementation of 
the selector mechanism as a separate ring mounted in collar 50, and 

25 implementation of step 52 as isolated inwardly-projecting engagement teeth 
rather than a near-continuous internal ridge. Other non-limiting examples of 
possible variants include different implementations of the actuator such as by a 
trigger-type mechanism. 

Figures 6A and 6B illustrate the ergonomic advantages of the preferred 

30 implementation of the steering mechanism control as described. After insertion 
of the distal tip (not shown) of the bronchoscope 14 as far as it can reach in the 
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bronchial tree, catheter 30 is inserted into the bronchoscope's working channel 
via the working channel entrance 58. The external diameter of sheath 40 is 
preferably slightly less than the 2.8 mm diameter common in many 
bronchoscope working channels to facilitate insertion via a standard 
5 bronchoscope. The catheter is then advanced beyond the end of the 
bronchoscope towards the target. The handle 38 of locatable guide 32 is 
configured to allow the practitioner to hold it, and operate the steering 
mechanism actuator, with the same hand (typically the left hand) with which he 
is holding the bronchoscope. This leaves his or her right hand free. To steer the 

10 guide in a desired direction, collar 50 is rotated to select the direction in which 
the guide will be deflected (Figure 6A). Then, while advancing the locatable 
guide into the working channel with the right hand, steering collar 50 is 
retracted by squeezing together the fingers on collar 50 towards the thumb 
located at the rear of handle 38, as shown in figure 6B. Once the tip of the 

1 5 guide reaches the target, a locking arrangement 60 is locked to stabilize sheath 
40 relative to bronchoscope 14. Locking mechanism 42 is then unlocked to 
release guide 32 from sheath 40. The guide is then withdrawn from sheath 40, 
leaving the sheath free to accept any therapeutic tool, such as biopsy forceps. 

Turning now to Figure 7, there is shown an alternative implementation 

20 of tip portion 34, generally similar to that of Figure 3, but in this case including 
at least part of an imaging system, in this case an image sensor 62. Image 
sensor 62 is shown here in a preferred implementation as an optical imaging 
sensor with a lens 64 positioned in front of an image sensor array 66. 
Illumination is preferably provided via an optic fiber light guide 68. 

25 Given the strict limitations on dimensions of the sensor (requiring a 

diameter less than 2 mm), it is preferably implemented using CMOS or CCD 
imaging sensor technology integrated with lens 64 by micro-production 
techniques. Most preferably, image sensor 62 is integrated into location sensor 
element 44. Specifically, the structure of the location sensor element according 

30 to the most preferred implementation of the invention includes a plurality of 
coils 70 and their connecting wires 72, typically fixed in a block of adhesive 
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74. In this case, image sensor 62 is preferably fixed in the same adhesive block. 
Optic fiber 68 may also be included in block 74, if lateral dimensions allow. 

In some cases, production limitation and/or the lateral dimensions of the 
tip may not allow optic fiber 68 to extend through the sensor block. In this 
5 case, the preferred solution is to position optic fiber 68 with its end near the 
proximal side of block 74 which, at least in this case, is made of generally 
transparent, or at least somewhat translucent, material. In this case, sufficient 
light diffuses through the material of block 74 around and between the 
suspended components to provide illumination of the field of view of image 

10 sensor 62 beyond the distal end of the assembly. A further alternative for 
providing illumination is to use at least a distal portion of sheath 40 as an 
optical waveguide. The illumination in this case may also be delivered by optic 
fiber 68 terminating on the proximal side of block 74, by one or more light 
source mounted within guide element 32, or by a light source associated with 

15 handle 38 which delivers light directly to the proximal end of sheath 40. 

In other respects, tip portion 34 is similar to that of Figure 3, including 
doubled-over steering wires 48 attached to base 46. Seen more clearly here is a 
preferred subdivision of the flexible body 36 into five internal lumens: one for 
each of the four steering wires and a central lumen containing the electrical 

20 wires from the various sensors and the optic fiber for illumination. 

It will be clear that the addition of an image sensor to tip portion 34 
provides enhanced functionality as a small-gauge bronchoscope. As will be 
discussed below, this configuration may be used to advantage without a 
conventional bronchoscope. Nevertheless, given the image sensor size 

25 requirements and the limitations of current technology, the image quality from 
sensor 62 will typically be significantly lower than that of a conventional 
bronchoscope. For this and other reasons, it is envisaged that image sensor 62 
will be used primarily as an additional enhancement to a device for use in 
conjunction with a bronchoscope, further facilitating navigation of the catheter 

30 of the present invention beyond the range of the bronchoscope. 
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Target Acquisition Techniques 

In order to employ the location measurement system of the present 
invention as a navigational aid, it is necessary to identify one or more target 
location in the reference coordinate system. This may be done directly, or by 
5 importing location data from an offline source, such as computerized 
tomography (CT) data. Direct acquisition requires an imaging device or other 
detector which can be used non-invasively to locate the target. Importing 
targets from offline data requires registration of the offline data with the 
reference coordinate system. Various examples of both groups of techniques 
10 will now be described. 

Isotopic Triangulation 

Figure 8 illustrates an arrangement for acquiring a target location in a 
position sensor frame of reference using isotopic labeling and an external 
detector. According to this technique, a shot of isotope solution is injected into 

1 5 the patient. The isotope is preferably the same as those used in PET protocols. 
It is known in the art that, after the solution is absorbed by the body, its 
concentration in a lesion is higher than in other parts of the body, thereby 
"marking" the lesion by elevated emission levels. In the case illustrated here, a 
lesion 80 within the chest of patient 10 has been thus marked by injection of a 

20 radioactive isotope. A detector 82 coupled with a 6 DOF location sensor 
element 84 is directed to sense this emission. Detector 82 is chosen to have a 
directional sensitivity profile which allows identification of a direction towards 
a source of highest emission. In a simple case, this is merely a detector with a 
direction of highest sensitivity, defined as the "axis" of the detector, which is 

25 adjusted until it gives a maximum reading. Alternatively, given a sensitivity 
profile of the detector and readings taken in a few different directions, a 
direction towards the source of maximum emission may be derived 
mathematically. The multiple readings may optionally be obtained 
simultaneously by a detector head with multiple sensors. At each stage, the 

30 position and pointing direction of the detector in the reference coordinate 
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system is derived by tracking system 22 based on outputs of location sensor 
element 84. 

Figure 9 illustrates the procedure for acquiring a target location using an 
external detector such as in the arrangement of Figure 8. First, at step 86, a 
5 direction to the target is determined from a first point of view. It will be 
appreciated that the combination of a direction towards the target (in this case, 
the direction to the source of maximum emission) and the position of the 
detector together define a line in space passing through the target. Then, at step 
88, the detector is relocated to a new position and the direction to the target is 
10 again identified, thereby defining a second line in space passing through the 
target. Optionally, this procedure is repeated from one or more additional 
detector positions (step 90). The intersection (or point of closest proximity) of 
all of these lines is then derived (step 92), thereby defining the position of the 
target in the reference coordinate system. 

15 Fluoroscopic Trianzulation 

A similar technique can be used without isotropic labeling by use of 
fluoroscopic imaging. Specifically, by replacing the detector 82 of Figure 8 
which a fluoroscope system, it is possible to identify the target within the 
image and designate the direction to the target. Here too, target direction 

20 designation may be achieved most simply by aligning the fluoroscope with a 
physical axis, typically indicated by crosshairs in the display, aligned with the 
target. In all other respects, the technique proceeds exactly as described in 
Figure 9 by defining the direction to the target from two or more positions and 
identifying the intersection of the resulting lines as the target position. 

25 Manual CT Registration 

Although the isotopic labeling and fluoroscope-based solutions 
described above provide important solutions for cases where CT data is not 
available, it is generally believed to be highly preferable to integrate the system 
of the present invention with CT data. 
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By way of introduction, the use of CT as a diagnostic tool has now 
become routine and CT results are now frequently the primary source of 
information available to the practitioner regarding the size and location of a 
lesion. This information is used by the practitioner in planning an operative 
5 procedure such as a biopsy, but is only available as "offline" information which 
must typically be memorized to the best of the practitioner's ability prior to 
beginning a procedure. As will be discussed below, in addition to inputting 
target information, integration with the CT data provides important additional 
system functionality, thereby greatly facilitating navigation to the target 
10 location. 

In contrast to the two prior methods, the CT data has its own system of 
coordinates. Matching the two system of coordinates, that of the CT and that of 
the patient, is commonly known as registration. Registration is generally 
performed by identifying at least three locations in both the CT and on or inside 

15 the body, and measuring their coordinates in both systems. 

Turning now to Figures 10-12, a first procedure according to the present 
invention for correlating CT data with a location measurement system will be 
described. Generally speaking, the technique as illustrated in Figure 10 starts 
by generating from the CT data a simulated view of a distinctive feature within 

20 the branched structure (step 100) and designating a reference point viewed 
within the simulated view (step 102). This is repeated (arrow 104) until at least 
three, and preferably 5-10 CT reference points have been designated. Then, 
during performance of a procedure on the patient, the bronchoscope or other 
image sensor is positioned to view one of the same group of distinctive features 

25 (step 106) so that the camera view corresponds to, and is generally similar to, a 
corresponding one of the simulated views. The operator then designates a 
reference point viewed within the camera view equivalent to the corresponding 
reference point designated in the corresponding simulated view (step 108), 
such as by contacting the point with the position sensor element. Steps 106 and 

30 108 are repeated (arrow 110) until three or more pairs of corresponding 
reference points are obtained. The designated reference points are then used to 
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derive a best fit registration between the computerized tomography image and 
the three-dimensional frame of reference (step 112). 

The implementation of this technique will be better understood from 
Figures 11-12B. Prior to beginning the procedure, the volumetric CT data is 
5 stored and transferred to computer 24 or another suitably programmed medical 
imaging workstation, either using the hospital Ethernet or from a data storage 
medium such as a compact disk (CD). The practitioner then needs to designate 
the required reference points. Preferably, the reference points used are easily 
• identified anatomical landmarks, referred to a "fiducial points". In principle, 

10 the fiducial points could be selected in a conventional two-dimensional "slice" 
display of the CT data. In practice, however, this does not result in sufficiently 
accurate registration, as will now be explained. 

The accuracy of the registration is dependent upon the ability to 
precisely define and mark the reference points. In the bronchial tree, the 

15 available anatomical landmarks are the bifurcations of the bronchi which are up 
to a few centimeters in size for those at the entry of the bronchus. If these 
junctions are used as fiducial "points" or regions, the result would typically be 
very imprecise registration, unless very many such points are taken. On the 
other hand, if the practitioner is required to match too many points, the entire 

20 procedure becomes inefficient. Accordingly, the present invention provides a 
technique for enhancing the ability of a practitioner to select equivalent points 
within the region of the bifurcation at a much higher resolution than the overall 
dimensions of the bifurcation. Specifically, this is done by using CT-based 
"virtual bronchoscopy" to generate simulated views similar to the actual 

25 bronchoscope views. Virtual bronchoscopy is a computer simulation technique 
in which CT data is used to construct a virtual model of airways within the 
body tissue, and this model is used to generate simulated views similar to those 
viewed by a bronchoscope. The technology of virtual bronchoscopy is 
described in U.S. Patents Nos. 6,246,784 and 6,345,1 12 both to Summers et al., 

30 as well as the references cited therein, all of which are hereby incorporated 
herein by reference. In this context, the use of virtual bronchoscopy allows the 
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practitioner to employ his visual judgment based on factors such as symmetry 
and shape to designate equivalent reference points in both the CT data and the 
reference coordinate system with much greater precision than would otherwise 
be possible. 

5 Turning now to Figure 1 1 , this shows a display screen from a preferred 

implementation of a planning program which generates virtual bronchoscopy 
registration images for use in the present invention. The display as shown is 
divided primarily into four views. Three of these views display mutually 
perpendicular two-dimensional "slice" views derived from the CT data. The 

10 upper left view is an axial projection of the patient. The right upper view is a 
sagittal projection. The lower left view is an anterior-posterior ("AP") view. In 
each view, a crosshair indicates the planes of the other two slices currently 
displayed, all three planes intersecting at a point in the CT coordinate frame. In 
the lower right region, a virtual image of the bronchus at the selected point is 

15 displayed. In this case, the selected point is on the carina, the upper junction of 
the bronchial tree. The software also allows adjustment of the viewing direction 
which, for this procedure, is chosen to be the direction from which a real 
bronchoscope will approach the region. 

As can be seen, the carina junction is long and does not in itself define 

20 any single point. Nevertheless, by taking into account the symmetry of the 
carina, a practitioner can designate a reference point at a middle location along 
the carina, where the septum is relatively narrow, in a repeatable manner with 
minimal error. This point is then marked as a selected fiducial point, and its 
coordinates in the CT coordinate frame are stored. This procedure is repeated 

25 until at least three, and preferably between 5 and 10, fiducial points have been 
recorded. This data is preferably then stored or transferred in a form in which it 
can be made available for visual display to the practitioner during the practical 
procedure. 

Parenthetically, it will be noted that point selection in the simulated 
30 image is performed as selection of a point in the two-dimensional image on 
screen using a mouse or other computer input device. Designation of the point 
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in the three-dimensional CT data coordinate system is achieved by 
extrapolating from the selected point in the simulated viewing direction until 
the line intersects the closest tissue surface (according to the aforementioned 
numerical model of a portion of the body derived from the CT data). 
5 During performance of the practical procedure, the first stored image is 

presented to the practitioner who guides the bronchoscope to the corresponding 
landmark feature within the patient. As the bronchoscope tip approaches the 
site, the bronchoscope views an image (Figure 12A) very similar to the virtual 
image shown in the lower right panel of Figure 1 1 . The practitioner then 

10 designates the reference point, preferably by advancing location sensor 44 
located at the tip of locatable guide 32 to touch a point equivalent to the 
location marked in the virtual image (Figure 12B) and designating the sensor 
position as the corresponding fiducial point in three dimensions in the reference 
coordinate system. This is repeated for a total of at least three, and preferably 

15 for all 5-10, fiducial points designated in the virtual bronchoscopy stage. On 
the basis of the accumulated data, a best fit mapping (typically, translation and 
rotation) between the CT fiducial points and the reference coordinate system is 
derived. The possibility of a more complex distortion-correcting mapping will 
be discussed below with reference to Figure 21. 

20 Once a best fit mapping is derived, any and all information from the CT 

data becomes readily available for importing into the location measurement 
system frame of reference. Minimally, the location and possibly also the shape 
of the lesion is incorporated as target information by navigation software 
running on computer 24. Optionally, the data can also be used for importing a 

25 pre-planned route map to the target or to provide real-time CT and/or virtual 
bronchoscopy displays corresponding to the current location sensor position, as 
will be discussed further below. 

Semi-Automated CT Registration 

While the manual fiducial point designation of the above registration 
30 technique is highly effective, the choice of number of points sampled 
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necessarily represents a tradeoff between accuracy and efficiency. In order to 
circumvent this tradeoff and speed up the procedure, an alternative semi- 
automated registration technique allows collection of a large number of sample 
points automatically within a very short time period. This technique will now 
5 be described with reference to Figures 13-16. 

In general terms, this technique is based upon automated collection of 
multiple reference points on the interior surface of an airway followed by 
fitting of a geometrical model (typically a cylinder) to these points. 
Registration is then achieved by correlating this geometrical model to the 

10 corresponding feature(s) in a model based on the CT data. 

Collection of the multiple reference point positions could be performed 
by moving position sensor 44 over regions of the surface directly. More 
preferably, the present invention provides a technique based on image 
processing which allows collection of reference point positions simply by 

15 advancing an image sensor associated with the position sensor along the 
airway. 

Turning now to Figure 13, this shows steps of a preferred method 
according to the teachings of the present invention for achieving registration 
between computerized tomography data and a three dimensional frame of 
20 reference of a position measuring system. The method begins by moving the tip 
of the catheter along a first branch portion of the branched structure and 
deriving a plurality of images from the image sensor (step 120). Each image is 
associated with corresponding position data of the position sensor. 

It will be noted that the image sensor may be either a conventional 
25 bronchoscope imaging system, or an image sensor built in to the catheter 30 of 
the present invention, such as is shown in Figure 7. In either case, the spatial 
relation of the image sensor, including any lateral offset, must be determined 
before the procedure. 

The images are then processed to derive position data for reference 
30 points on the surfaces of the tissue (step 122) and this position data is used to 
derive a best-fit of a predefined geometrical model to the first branch portion 
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(step 124). Steps 120, 122 and 124 are then repeated for a second branch 
portion of the branched structure (step 126). Alternatively, the geometrical 
model may be a combined model for both branches in which case steps 120 and 
122 are repeated first, and step 124 is performed once for the amassed data. 
5 The geometrical model(s) are then correlated with the CT data to derive a best 
fit registration between the computerized tomography data and the three 
dimensional frame of reference of the position measurement system (step 128). 
In the simple case of two non-parallel branch portions each modeled as a 
cylinder, the two resulting cylinders are sufficient to uniquely define a best fit 

10 mapping (translation and rotation) between the CT and position sensor 
coordinate systems. 

In a preferred implementation, step 122 is performed as follows. Images 
taken from different positions along each branch are correlated to identify 
visible features which are present in plural images (step 130). These features 

15 may be any permanent or temporary visible features, including small blood 
vessels, localized variations in surface shape or color, and dust or other 
particles. For each of these features, a camera-to-feature direction is derived for 
each image showing that feature (step 132). These camera-to-feature directions 
and corresponding position sensor data are then used to determine a feature 

20 position for each visible feature (step 134). 

This process is illustrated graphically in Figures 14A-16. Figures 14A 
and 14B illustrate schematically camera views taken from two different 
positions, a feature 136 being visible in both views. Figures 15A and 15B 
represent the corresponding positions of catheter tip 34 (with image sensor 62 

25 and location sensor 44) from which these views were taken. It will be noted 
that the position of a feature in the camera view maps to a unique direction 
from the camera to the feature. Thus, by predetermining the optical 
characteristics of the camera (either by design, or by a calibration procedure 
such as by using a hemispherical dome with lights), the feature position in the 

30 image can be converted to a direction vector. In Figures 15A and 15B, this is 
illustrated schematically as off- axis angle (9i, 9 2 ). The real data also includes a 
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second angle (rotation angle about the axis) together defining a unique camera- 
to-feature direction. By combining this information with the 6 DOF position 
sensor data (and any offset adjustment) from two positions, the feature position 
in three-dimensional space can readily be derived by simple triangulation, as 
5 shown in Figure 16. Where data from more than two positions is available, it 
can be used to further improve accuracy. 

Although illustrated here schematically for a single isolated feature, it is 
typically possible to derive tens, or even hundreds, of such feature positions 
from a length of airway. This allows an enhanced level of precision in the 

1 0 correlation procedure. 

As before, once a best fit mapping is derived, any and all information 
from the CT data becomes readily available for importing into the location 
measurement system frame of reference. Minimally, the location and possibly 
also the shape of the lesion is incorporated as target information by navigation 

15 software running on computer 24. Optionally, the data can also be used for 
importing a pre-planned route map to the target or to provide real-time CT 
and/or virtual bronchoscopy displays corresponding to the current location 
sensor position, as will be discussed further below. 

Navigation Techniques 

20 Tip-to-Tarzet Displays 

Once a target location has been identified in the reference coordinate 
system, by one of the above techniques or otherwise, the device of the present 
invention is ready to assist in navigation to the target. The small air paths in the 
periphery of the lung are generally not detectable by the currently available 

25 real-time imaging devices. According to certain aspects of the present 
invention, the system provides tip-to-target displays and various other 
navigation aids to facilitate navigation to the target beyond the reach of the 
imaging system of a conventional bronchoscope. 
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Thus, according to a preferred method according to the present invention 
for steering a catheter through a branched structure to a target location, a 
representation is displayed of at least one parameter defined by a geometrical 
relation between the pointing direction of the tip of the catheter and a direction 
5 from the tip of the catheter towards the target location, while the catheter is 
moved within the branched structure. The at least one parameter preferably 
includes one or more of the following parameters: an angular deviation 
between the pointing direction of the tip of the catheter and a direction from the 
tip of the catheter towards the target location; a direction of deflection required 

10 to bring the pointing direction of the catheter into alignment with the target 
location; and a distance from the tip of the catheter to the target. It should be 
noted that each of the aforementioned parameters is a useful navigation aid in 
its own right. The angular deviation, even if appearing just as a numerical angle 
without any display of direction, can be used by trial and error to find a steering 

15 direction which reduces the deviation. Similarly, the direction of deflection can 
be used as a steering aid, even without a direct indication of the angular 
deviation. The distance to the target is also an important indicator of increasing 
proximity to the target. In a most preferred implementation, both the angular 
deviation and the direction of deflection are displayed, typically also with an 

20 indication of the distance to the target. 

One particularly preferred display format is illustrated in Figures 17A 
and 17B which shows at least one of the parameters in the context of a 
representation of a view taken along the pointing direction of the tip of the 
catheter. This representation does not require any imaging system, being 

25 generated numerically from the 6 DOF location information for the catheter tip, 
the patient's body, and the target location. 

The display as illustrated has three zones. The first is a circular display 
analogous to the straight-ahead viewing direction of a bronchoscope imaging 
system, but instead displaying graphically information regarding the direction 

30 to the target. In the case of Figure 17A, the target is outside the forward-region 
defined by the circle. In this case, the required deflection direction to point 
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towards the target is indicated by arrows 140. The orientation of the display is 
taken with the "up" steering direction of the catheter at the top of the display so 
that the practitioner can relate the display to the steering mechanism controls. 
The lower-right region of the display shows a pictogram 142 which illustrates 
5 graphically the relation of the "up" steering direction to the patient's body. 
Thus in the example of Figure 17A 5 the catheter tip is currently pointing 
downwards towards the patient's back-left side with the "up" direction turning 
towards his chest. The third zone is an alphanumeric display which provides 
numerical data such as the angular deviation 144 to the target and the* distance 

10 146 to the target. 

Figure 17B shows the display after further advance of the catheter. In 
this case, the angular deviation is already sufficiently small that the target, as 
represented by symbol 148 appears within the circular display. In this case, 
pictogram 142 indicates that the "up" steering direction is actually currently 

15 towards the patient's back, i.e., down relative to the patient lying on the 
operating table. 

Preferably, the pointing direction display of Figures 17A and 17B is 
supplemented with various additional displays which facilitate interpretation by 
the practitioner during use, and provide various additional information or 

20 functionality to the practitioner. By way of example, Figures 18A-18C show 
computer graphic representations of the catheter tip 150 and target 148 in 
sagittal, AP and axial projections, respectively. (The additional lines appearing 
in these figures will be discussed below.) Figure 19 shows a further example in 
which the tip-to-target display of Figure 17A is combined with dynamic CT- 

25 based displays corresponding to axial, sagittal and AP planes passing through 
the current catheter tip position. A further preferred option (not shown) 
replaces or supplements the "slice" CT displays with a virtual bronchoscopy 
image corresponding to the current position and pointing direction of the 
catheter tip, thereby offering simulated functionality of a small gauge imaging 

30 catheter. In the case that catheter 30 is implemented with an image sensor 62 as 
in Figure 7, the real image from the sensor is preferably provided. 
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Route Planning 

Optionally, the CT or virtual bronchoscopy information can be used to 
pre-select a planned route to the target. Specifically, a series of locations may 
be selected on the CT slices, for example by use of a computer mouse. Each 
5 location is actually a coordinate in 3D space (two coordinates within the image 
and the third coordinate from the location of the slice itself). By connecting 
these locations, it is possible to draw a path in 3D space. If each location is 
taken from adjacent portions of interconnected air pathways inside the 
bronchial tree traced backwards from a target position to the bronchus (the 

10 entrance of the bronchial tree), the resulting path corresponds to a "roadmap" 
of a planned route to the target. This route, or steering data based upon the 
route, is then displayed together with the target data during the procedure. 

The feasibility of route planning of this type depends upon the position 
of the target and the resolution of the CT data available. In certain cases, the 

15 distance between adjacent slices in the CT data is such that the course of the 
very fine airways between adjacent slices cannot be reliably determined. This 
problem can typically be addressed by using a thinner slice thickness where 
this is possible. 

History 

20 It is the nature of the maze of the bronchial tree that a branch which 

extends locally towards a target location does not actually lead to the target. As 
a result, a practitioner may frequently find that he has steered into a branch 
which looked promising but then leads away from the target. In such 
circumstances, it is valuable to provide a navigation aid to avoid repetition of 

25 the error, and to help identify the correct path. For this purpose, the system of 
the present invention and the corresponding method preferably provide a 
"record" function which allows selective display of a historical path traveled by 
the catheter tip. 

Specifically, referring to Figures 18A-18C, there is shown a path 
30 represented by a solid line 152 in all three views. Path 152 represents a path 
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previously followed by the practitioner in trying to reach target 148. Although 
starting in what appeared the right direction to reach the target, the practitioner 
found that the path lead to a position posterior to the desired target. At that 
point, the practitioner actuated the recording mode and withdrew the catheter, 
5 thereby generating a line 152 indicative of the path already followed. The 
practitioner then starts to advance the catheter again slowly, feeling (via the 
steering mechanism) for an upward branch until he finds the correct route 
indicated by dashed line 154 which branches off upwards from path 152. 

Cyclic Motion Correction 

10 Although the catheter position is measured via location sensor 44 in real 

time, the target location is not. The target is generally considered fixed relative 
to the patient's body position which is monitored in real time by sensors 20 
(Figure 1). However, navigation accuracy may decrease as a result of cyclic 
chest movement resulting from breathing. Preferably, precautions are taken to 

15 reduce the effects of this cyclic movement. This may be done by one of a 
number of techniques, as follows. 

According to a first preferred option, position sensor measurements are 
sampled selectively so that measurements are only made at an extreme of a 
cyclic motion. The extremes can readily be identified by the cyclic 

20 displacement of sensors 20 during the breathing cycle. It may be preferred to 
use the maximum exhalation state for measurements since this state typically 
remains steady for a relatively larger proportion of the breath cycle than the 
maximum inhalation state. 

Alternatively, measurements can be taken continuously, and the cyclic 

25 variations eliminated or reduced by additional processing. This processing may 
include applying a low-frequency filter to the measurements. Alternatively, an 
average of the measurements over a time period of the cyclic motion may be 
calculated. 
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Local Distortion Correction 

Various techniques were discussed above for achieving registration 
(translation and/or rotation) of CT data with the reference coordinate system of 
the measurement system so as to make the CT data available for importing 
5 target information and providing real time CT or virtual bronchoscopy 
displays. In many cases, however, a translation and rotation mapping is not 
fully satisfactory, especially in regions far from the reference points used to 
perform registration. 

The primary cause of the mismatch between the two coordinate frames 

10 is believed to be body posture distortion resulting from the different body 
postures used for the two procedures. Specifically, in order to maintain 
constant position during CT scanning, the patient is typically required to hold 
his breath for the duration of scanning (either in one pass, or subdivided into a 
number of periods). Furthermore, the patient is required to lift his arms above 

15 his head to avoid artifacts which would be caused by the arms within the 
scanning region. In contrast, a bronchoscopy procedure is performed over an 
extended period and typically under partial sedation, making it infeasible to 
request either holding of the breath or raising of the arms for the entire 
procedure. 

20 A particularly simple but practical approach to addressing this problem 

is illustrated schematically in Figures 20A-20D. It is assumed that, by 
requesting that the patient temporarily breath in and raise his arms, it is 
possible to closely reproduce the body posture and geometry under which the 
CT scan was performed. This state is represented schematically in Figure 20A. 

25 The "normal" relaxed state of the patient is represented schematically in Figure 
20B. This allows the practitioner to perform a simple localized correction by 
measuring the position of the catheter tip 160 in the state of Figure 20A, 
measuring it again in the relaxed state of Figure 20B, and using the difference 
(arrow 162) as a correction vector by which all the CT data is then shifted 

30 (Figure 20D). This procedure can be repeated quickly and easily as many times 
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as required, each time effectively re-aligning the CT data with the region where 
the catheter tip is currently positioned. 

Figure 21 illustrates an alternative approach to this issue in which a 
more comprehensive distorting transformation is used to map the CT data to 
5 the current body posture. The data for deriving the required transformation may 
in principle be derived from repeated measurements as described with 
reference to Figures 20A-20D. Alternatively, where sufficient data is available 
from the initial registration procedure (by one of the aforementioned 
registration techniques, or from an alternative source), the entire registration 
10 adjustment can be performed from the outset as a distorting transformation 
which compensates for the body posture related distortion. 

Use of Tools 

As mentioned earlier, once catheter 30 has successfully been navigated 
to the target location, guide element 32 is preferably removed, leaving sheath 
15 40 in place as a guide channel for bringing a tool to the target location. In order 
to ensure stability of the sheath and accurate guidance of a tool to the target, the 
present invention provides a preferred of use as illustrated in Figure 22. 

Specifically, Figure 22 illustrates a preferred method of guiding a 
medical tool through a branched structure to a target location, where the guide 
20 element is first locked within the sheath so as to prevent movement of the guide 
element relative to the sheath (step 170). The sheath and guide element are then 
inserted through the working channel of a handle (e.g. part of a bronchoscope) 
and navigated to the target location (step 172), such as by the techniques 
described above. The sheath is then locked within the working channel to 
25 prevent relative movement of the sheath relative to the handle (step 174). The 
guide element may then be unlocked and withdrawn from the sheath (step 176). 
This leaves the lumen of the sheath in place as a guide for insertion of a tool to 
the target location (step 178). 

Sheath 40 may be used as a guide for insertion of substantially any 
30 medical tool. Examples include, but are not limited to, biopsy tools such as 
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various kinds of forceps and aspiration needles, and various tools used for 
ablating malignant tissue that are used in context of a bronchial procedures. 
Parenthetically, it should be noted that the term "tool" is used herein to refer to 
the entirety of the elongated structure part of which is inserted along the sheath, 
5 and not just the active tip portion. Most standard tools for use via the working 
channel of a bronchoscope have an external diameter of up to about 1.8 mm, 
allowing them to fit readily through the lumen of sheath 40. 

As an additional safeguard to ensure that the sheath does not get 
dislodged from the target during withdrawal of the guide element and insertion 

10 of a tool, a selectively actuatable anchoring mechanism is preferably associated 
with a portion of the sheath. The position of the anchoring mechanism along 
the sheath is generally not critical. Where the target location is in the small 
diameter airways beyond the reach of a conventional bronchoscope, lateral 
displacement of the sheath from the target is typically not a problem. It is 

15 therefore sufficient to provide anchoring against longitudinal displacement 
which may be provided in the bronchus or in the nose. Structurally, the 
anchoring mechanism is preferably implemented as an inflatable element. 
Alternatively, a mechanically deployed anchoring element may be used. In 
either case, anchoring mechanisms suitable for this purpose are known in the 

20 art. 

As a further optional precaution, sheath 40 is preferably provided with a 
radio-opaque marker to facilitate verification that it has not moved by 
fluoroscopic imaging. According to a first preferred option, the marker is 
implemented by treating a distal part of the sheath so as to render it 
25 substantially radio-opaque. Alternatively, at least one radio-opaque marker may 
be attached near or at a distal end of the sheath. 

As already mentioned, the present invention can be used with 
substantially any standard tool. In order to ensure the correct extent of insertion 
of the tool along sheath 40, it may be preferable to first calibrate the length of 
30 the tool. This is preferably performed by inserting the tool before use into a 
calibration tube which has a length corresponding to a length of the lumen of 
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sheath 40 and marking an extent of insertion on the tool. Marking can be 
performed simply by applying an "INSERT THIS FAR" sticker to the 
elongated body of the tool. Alternatively, a clip or the like can be applied to 
physically obstruct over-insertion of the tool. 
5 In principle, calibration of the tool could be performed using the sheath 

itself prior to the procedure. It is generally considered preferable, however, to 
avoid unnecessary wear on the components to be used in the procedure. 
Instead, as illustrated in Figure 23, the guide element and sheath are preferably 
supplied in a coiled storage tube 180 which doubles for use as a calibration 
10 tube for calibrating the length of a tool 182. The practitioner then removes the 
guide element and sheath from storage tube 180 and inserts tool 182 until the 
end of the tool reaches the end of storage tube 180. The practitioner then marks 
tool 182 with a sticker or clip 184 as described earlier. Tool 182 is then ready 
for use. 

15 Miniature Endoscope with Retractable Imaging 

As exemplified above with reference to Figure 7, certain embodiments 
of the present invention provide a catheter 30 made up of a sheath 40 having a 
lumen extending from a proximal insertion opening to a distal opening, and a 
guide element 32 configured for insertion through sheath 40, where the guide 

20 element includes at least part of an imaging system 62, and the catheter 
includes at least one steering mechanism for co-deflecting sheath 40 and guide 
element 32. It should be noted that this structure, with or without a location 
sensor, is a highly significant stand alone device with robust functionality. 

Specifically, the use of a sheath with a retractable imaging system 

25 combines the advantages of a small gauge single lumen catheter with the 
capabilities of both endoscopic imaging, steerable navigation and tool access. 
The devices preferably include an optical imaging sensor, such as sensor 62 
described above, or part of an optical imaging system such as a light fiber 
bundle. 
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A range of variants implementations of such a stand alone device are 
within the scope of the present invention. Firstly, it should be noted that the 
steering mechanism may be a conventional unidirectional steering mechanism, 
and may optionally be included within the sheath rather than the guide element. 
5 More preferably, a multi-directional steering mechanism such as that of Figures 
3-5C is used. Both here and in the above-mentioned embodiments, it should be 
noted that the steering mechanism may optionally be incorporated within the 
sheath rather than in the retractable guide element. This provides advantages 
particularly where the target location is reached by maintaining deflection of 

10 the catheter tip, allowing this deflection to be maintained during retraction of 
the guide and insertion of a tool. A similar result may be achieved by including 
a second steering mechanism or another mechanical arrangement for "freezing" 
the state of curvature of the tip of the sleeve, as an addition to the steering 
mechanism of the retractable guide. This, however, is at the cost of increased 

15 sleeve thickness and increased cost. 

The device may be combined to advantage with the location 
measurement system described above, allowing it the full functionality of the 
system described above without requiring a bronchoscope. All of the options 
discussed above regarding the image sensor and illumination arrangement are 

20 also available here. 

As with the aforementioned use of sheath 40, the sheath is preferably 
provided with a selectively actuatable anchoring mechanism such as those 
discussed above. Radio-opaque distal marking may also be used to advantage. 
Finally, an alternative embodiment of the device includes a retractable 

25 radioactivity sensor which can be withdrawn from the sheath with the guide 
element. Here too, this is of value as a stand-alone device combining the 
functionality of both a radioactivity sensor and a tool guide in a single lumen 
device. 
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It will be appreciated that the above descriptions are intended only to 
serve as examples, and that many other embodiments are possible within the 
spirit and the scope of the present invention. 
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WHAT IS CLAIMED IS: 

1. A method for steering a catheter through a branched structure to a 
target location, the method comprising: 

(a) providing a flexible, steerable catheter with a position sensor 
element located near a distal tip of the catheter, the position 
sensor element being part of a position measuring system 
measuring a position and a pointing direction of the tip of the 
catheter relative to a three-dimensional frame of reference; 

(b) designating the target location relative to the three-dimensional 
frame of reference; 

(c) advancing the catheter into the branched structure; and 

(d) displaying a representation of at least one parameter defined by a 
geometrical relation between the pointing direction of the tip of 
the catheter and a direction from the tip of the catheter towards 
the target location. 

2. The method of claim 1, wherein the at least one parameter 
includes an angular deviation between the pointing direction of the tip of the 
catheter and a direction from the tip of the catheter towards the target location. 

3. The method of claim 1, wherein the at least one parameter 
includes a direction of deflection required to bring the pointing direction of the 
catheter into alignment with the target location. 

4. The method of claim 1, wherein said representation of at least 
one parameter is displayed in the context of a representation of a view taken 
along the pointing direction of the tip of the catheter. 

5. The method of claim 1, wherein the position sensor element is 
part of a six-degrees-of-freedom position measuring system measuring the 
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position and attitude of the tip of the catheter in three translational and three 
rotational degrees of freedom. 

6. The method of claim 1, further comprising providing the catheter 
with a multi-directional steering mechanism configured for selectively 
deflecting a distal portion of the catheter in any one of at least three different 
directions. 

7. The method of claim 1, further comprising: 

(a) monitoring by use of the position sensor element a path traveled 
by the tip of the catheter; and 

(b) displaying a representation of the path traveled together with a 
current position of the tip, the representation being projected as 
viewed from at least one direction non-parallel to the pointing 
direction of the tip. 

8. The method of claim 1 ? wherein said designating the target 
location is performed by: 

(i) designating a target location by use of computerized 

tomography data generated from the branched structure; 
and 

(ii) registering the computerized tomography data with the 
three-dimensional frame of reference. 



9. The method of claim 8, wherein said registering is performed by: 

(i) providing the steerable catheter with a camera; 

(ii) generating a camera view of each of at least three 
distinctive features within the branched structure; 
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(iii) generating from the computerized tomography data a 
simulated view of each of the at least three distinctive 
features, each camera view and a corresponding one of the 
simulated views constituting a pair of similar views; 

(iv) allowing an operator to designate a reference point viewed 
within each of the camera views and a corresponding 
reference point viewed within each corresponding 
simulated view; and 

(v) deriving from the designated reference points a best fit 
registration between the computerized tomography data 
and the three-dimensional frame of reference. 

10. The method of claim 8, further comprising: 

(a) designating by use of the computerized tomography data an 
intended route through the branched structure; and 

(b) displaying a representation of the intended route together with a 
current position of the tip, the representation being projected as 
viewed from at least one direction non-parallel to the pointing 
direction of the tip. 

1 1 . The method of claim 8, further comprising: 

(a) detecting a current position of the position sensor element; 

(b) generating from the computerized tomography data a virtual 
endoscopy image corresponding to an image that would be 
viewed by a camera located in predefined spatial relationship and 
alignment relative to the position sensor element; and 

(c) displaying the virtual endoscopy image. 
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12. The method of claim 1, wherein the branched structure is a lung 
structure. 

13. The method of claim 12, further comprising processing 
measurements of the position and pointing direction of the tip of the catheter so 
as to reduce variations resulting from cyclic motion. 

14. The method of claim 13, wherein said processing includes 
selectively taking measurements at an extreme of a cyclic motion. 

15. The method of claim 13, wherein said processing includes 
applying a low-frequency filter to the measurements. 

16. The method of claim 13, wherein said processing includes 
calculating an average of the measurements over a time period of the cyclic 
motion. 

17. The method of claim 1, wherein the steerable catheter further 
includes: a sheath having a lumen extending from a proximal insertion opening 
to a distal opening; and a guide element configured for insertion through said 
proximal opening of said sheath to an inserted position extending along said 
lumen to said distal opening, said guide element including at least part of an 
imaging system deployed for taking optical images of a region beyond said 
distal opening, the method further comprising: 

(a) guiding said steerable catheter to a position with said tip adjacent 
to the target location; and 

(b) withdrawing said guide element from said lumen to leave said 
lumen available for insertion of a medical tool. 

18. The method of claim 17, further comprising preparing a medical 
tool for insertion into said lumen by: 
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(a) inserting the medical tool into a calibration tube, the calibration 
tube having a length corresponding to a length of the lumen; and 

(b) marking an extent of insertion on the tool. 

19. The method of claim 18, wherein said calibration tube is a coiled 
storage tube employed to store said guide element prior to use, said guide 
element being removed from said storage tube prior to inserting the tool. 

20. The method of claim 1, wherein the steerable catheter further 
includes a handle having a working channel, a sheath deployed within the 
working channel and having an internal lumen, and a guide element including 
the position sensor element deployed within the lumen, the method further 
comprising: 

(a) locking the guide element within the sheath so as to prevent 
movement of the guide element relative to the sheath; 

(b) guiding the sheath and the guide element to the target location; 

(c) locking the sheath within the working channel to prevent relative 
movement of the sheath relative to the handle; and 

(d) unlocking and withdrawing the guide element from the sheath so 
as to leave the lumen of the sheath in place as a guide for 
inserting a tool to the target location. 

21. The method of claim 20, further comprising providing a 
selectively actuatable anchoring mechanism associated with a portion of the 
sheath. 

22. The method of claim 21, wherein the selectively actuatable 
anchoring mechanism includes an inflatable element. 

23. The method of claim 21, wherein the selectively actuatable 
anchoring mechanism includes a mechanically deployed element. 



47 



WO 03/086498 



PCT/IL03/00323 



24. The method of claim 20, wherein the guide element further 
includes an image sensor deployed for generating an image in the pointing 
direction of the catheter, the image sensor being withdrawn from the sheath as 
part of the guide element. 

25. The method of claim 24, wherein at least part of said location 
sensor is formed from translucent material, the method further comprising 
illuminating at least part of a field of view of the image sensor by directing 
illumination through at least one region of said translucent material. 

26. The method of claim 24, further comprising illuminating at least 
part of a field of view of the image sensor by using at least a distal portion of 
the sheath as an optical waveguide. 

27. The method of claim 26, wherein illumination is supplied to the 
optical waveguide from at least one light source mounted within the guide 
element. 

28. The method of claim 26, wherein illumination is supplied to the 
optical waveguide from at least one light source associated with the handle. 

29. The method of claim 20, wherein the guide element further 
includes a radioactivity sensor, the sensor being withdrawn from the sheath as 
part of the guide element. 

30. The method of claim 1, wherein the steerable catheter is a 
flexible endoscope. 

31. The method of claim 1, wherein the steerable catheter is a 
flexible bronchoscope. 
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32. A method for achieving registration between computerized 
tomography data and a three dimensional frame of reference of a position 
measuring system, the method comprising: 

(a) providing a catheter with: 

(i) a position sensor element which operates as part of the 

position measuring system to allow measurement of a 
position and a pointing direction of the tip of the catheter 
relative to the three-dimensional frame of reference, and 

(ii) an image sensor; 

(b) generating from the computerized tomography data at least three 
simulated views of distinctive features within the branched 
structure; 

(c) generating at least three camera views of the distinctive features, 
each camera view and a corresponding one of the simulated 
views constituting a pair of similar views; 

(d) allowing an operator to designate a reference point viewed within 
each of the camera views and a corresponding reference point 
viewed within each corresponding simulated view; and 

(e) deriving from the designated reference points a best fit 
registration between the computerized tomography image and the 
three-dimensional frame of reference. 

33. The method of claim 38,wherein designation of a reference point 
within each of the camera views by the operator is performed by the operator 
bringing the position sensor element into proximity with the reference point. 

34. The method of claim 38, wherein designation of a reference point 
within each simulated view by the operator is performed by: (a) the operator 
selecting a simulated image reference point within each simulated view; 
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(b) calculating from the simulated image reference point a simulated-viewing- 
point-to-reference-point vector; and (c) calculating a point of intersection 
between said simulated-viewing-point-to-reference-point vector and a tissue 
surface in a numerical model of a portion of the body derived from the 
computerized tomography data. 

35. The method of claim 38, further comprising: 

(a) identifying at least one location within the computerized 
tomography data; 

(b) calculating a position of the at least one location within the three- 
dimensional frame of reference; and 

(c) displaying a representation of the at least one location together 
with a representation of a position of the position sensor element. 

36. The method of claim 40, wherein said at least one location 
includes a target location to which a medical tool is to be directed. 

37. The method of claim 40, wherein said at least one location is a 
series of locations defining a planned path along which a medical tool is to be 
directed. 

38. A method for achieving registration between computerized 
tomography data and a three dimensional frame of reference of a position 
measuring system, the method comprising: 

(a) providing a catheter with: 

(i) a position sensor element which operates as part of the 

position measuring system to allow measurement of a 
position and a pointing direction of the tip of the catheter 
relative to the three-dimensional frame of reference, and 

(ii) an image sensor; 
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(b) moving the tip of the catheter along a first branch portion of a 
branched structure and deriving a plurality of images from the 
camera, each image being associated with corresponding position 
data of the position sensor in said three dimensional frame of 
reference; 

(c) processing said images and corresponding position data to derive 
a best-fit of a predefined geometrical model to said first branch 
portion in said three dimensional frame of reference; 

(d) repeating steps (b) and (c) for a second branch portion of the 
branched structure; and 

(e) correlating said geometrical models of said first and second 
branch portions with the computerized tomography data to derive 
a best fit registration between the computerized tomography data 
and the three dimensional frame of reference. 

39. The method of claim 38, wherein said processing said images and 
corresponding position data includes: 

(a) identifying visible features each of which is present in plural 
images taken at different positions; 

(b) for each of said visible features, deriving a camera-to-feature 
direction in each of a plurality of said images; 

(c) employing said camera-to-feature directions and corresponding 
position data to determine a feature position for each visible 
feature; and 

(d) deriving a best-fit of the predefined geometrical model to the 
feature positions. 

40. The method of claim 38, wherein the predefined geometrical 
model is a cylinder. 

41 . The method of claim 38, further comprising: 
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(a) identifying at least one location within the computerized 
tomography data; 

(b) calculating a position of the at least one location within the three- 
dimensional frame of reference; and 

(c) displaying a representation of the at least one location together 
with a representation of a position of the position sensor element. 

42. The method of claim 41 , wherein said at least one location 
includes a target location to which a medical tool is to be directed. 

43. The method of claim 41, wherein said at least one location is a 
series of locations defining a planned path along which a medical tool is to be 
directed. 

44. An endoscope for guiding a medical tool to a target location, the 
endoscope comprising: 

(a) a sheath having a lumen extending from a proximal insertion 
opening to a distal opening; 

(b) a guide element configured for insertion through said proximal 
opening of said sheath to an inserted position extending along 
said lumen to said distal opening, said guide element including at 
least part of an imaging system deployed for taking optical 
images of a region beyond said distal opening; and 

(c) at least one steering mechanism for co-deflecting said sheath and 
said guide element, 

wherein said guide element is retractable from said lumen to leave said lumen 
available for insertion of a medical tool. 

45. The endoscope of claim 44, wherein said at least part of an 
imaging system includes an optical sensor chip deployed at a distal end of said 
guide element. 
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46. The endoscope of claim 44, wherein the guide element includes a 
position sensor element, the position sensor element being part of a position 
measuring system measuring a position and a pointing direction of a tip of the 
guide element relative to a three-dimensional frame of reference. 

47. The endoscope of claim 46, wherein at least part of said position 
sensor element is formed from translucent material, the endoscope further 
comprising an illumination arrangement deployed to direct illumination 
through at least one region of said translucent material so as to illuminate at 
least part of the region beyond said distal opening. 

48. The endoscope of claim 44, further comprising a selectively 
actuatable anchoring mechanism associated with a portion of the sheath. 

49. The endoscope of claim 48, wherein the selectively actuatable 
anchoring mechanism includes an inflatable element. 

50. The endoscope of claim 48, wherein the selectively actuatable 
anchoring mechanism includes a mechanically deployed element. 

5 1 . The endoscope of claim 44, wherein at least a distal part of the 
sheath is substantially radio-opaque. 

52. The endoscope of claim 44, further comprising at least one radio- 
opaque marked associated with a distal end of the sheath. 

53. The endoscope of claim 44, wherein at least a distal portion of the 
sheath is implemented as an optical waveguide. 

54. The endoscope of claim 44, further comprising at least one light 
source mounted within the guide element for illuminating at least part of the 
region beyond said distal opening. 
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55. The endoscope of claim 44, further comprising at least one 
optical fiber deployed along the length of the guide element for delivering 
illumination to at least part of the region beyond said distal opening. 

56. The endoscope of claim 44, wherein the guide element further 
includes a radioactivity sensor, the sensor being withdrawn from the sheath as 
part of the guide element. 

57. A method of guiding a medical tool through a branched structure 
to a target location, the method comprising: 

(a) providing a catheter assembly including a handle having a 
working channel, a sheath deployed within the working channel 
and having an internal lumen, and a guide element deployed 
within the lumen; 

(b) locking the guide element within the sheath so as to prevent 
movement of the guide element relative to the sheath; 

(c) guiding the sheath and the guide element to the target location; 

(d) locking the sheath within the working channel to prevent relative 
movement of the sheath relative to the handle; and 

(e) unlocking and withdrawing the guide element from the sheath so 
as to leave the lumen of the sheath in place as a guide for 
inserting a tool to the target location. 

58. The method of claim 57, wherein the guide element includes a 
position sensor element, the position sensor element being part of a position 
measuring system measuring a position and a pointing direction of a tip of the 
guide element relative to a three-dimensional frame of reference. 

59. The method of claim 57, further comprising providing a 
selectively actuatable anchoring mechanism associated with a portion of the 
sheath. 
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60. The method of claim 59, wherein the selectively actuatable 
anchoring mechanism includes an inflatable element. 

61. The method of claim 59, wherein the selectively actuatable 
anchoring mechanism includes a mechanically deployed element. 

62. The method of claim 57, wherein at least a distal part of the 
sheath is treated so as to be substantially radio-opaque. 

63. The method of claim 57, further comprising providing at least 
one radio-opaque marked associated with a distal end of the sheath. 

64. The method of claim 57, wherein the guide element further 
includes an image sensor deployed for generating an image in the pointing 
direction of the catheter, the image sensor being withdrawn from the sheath as 
part of the guide element. 

65. The method of claim 64, further comprising illuminating a field 
of view of the image sensor by using at least a distal portion of the sheath as an 
optical waveguide. 

66. The method of claim 65, wherein illumination is supplied to the 
optical waveguide from at least one light source mounted within the guide 
element. 

67. The method of claim 65, wherein illumination is supplied to the 
optical waveguide from at least one light source associated with the handle. 

68. The method of claim 57, wherein the guide element further 
includes a radioactivity sensor, the sensor being withdrawn from the sheath as 
part of the guide element. 
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69. The method of claim 57, further comprising preparing a medical 
tool for insertion into said lumen by: 

(a) inserting the medical tool into a calibration tube, the calibration 
tube having a length corresponding to a length of the lumen; and 

(b) marking an extent of insertion on the tool. 

70. The method of claim 69, wherein said calibration tube is a coiled 
storage tube employed to store said guide element prior to use, said guide 
element being removed from said storage tube prior to inserting the tool. 

71. A steering mechanism for selectively deflecting a distal portion 
of a steerable catheter in any one of at least two independent directions, the 
mechanism comprising: 

(a) at least three elongated tensioning elements extending along the 
catheter and configured such that tension applied to any one of 
said tensioning elements causes deflection of a tip of the catheter 
in a corresponding predefined direction; 

(b) an actuator displaceable from a first position to a second position; 
and 

(c) a selector mechanism configured for selectively mechanically 
interconnecting a selected at least one of said elongated 
tensioning elements and said actuator such that displacement of 
said actuator from said first position to said second position 
applies tension to said selected at least one of said elongated 
tensioning elements. 

72. The steering mechanism of claim 71, wherein a first state of said 
selector mechanism mechanically interconnects a single one of said elongated 
tensioning elements with said actuator such that displacement of said actuator 
generates deflection of said tip in one of said predefined directions, and a 
second state of said selector mechanism mechanically interconnects two of said 
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elongated tensioning elements with said actuator such that displacement of said 
actuator generates deflection of said tip in an intermediate direction between 
two of said predefined directions. 

73. The steering mechanism of claim 71, wherein said at least three 
tensioning elements includes an even number of said tensioning elements, pairs 
of said tensioning elements being implemented as a single elongated element 
extending from said selector mechanism along the catheter to said tip and back 
along the catheter to said selector mechanism. 

74. The steering mechanism of claim 71, wherein said at least three 
tensioning elements is implemented as four tensioning elements deployed such 
that each tensioning element, when actuated alone, causes deflection of said tip 
in a different one of four predefined directions separated substantially by 
multiples of 90°. 

75. The steering mechanism of claim 74, wherein a first state of said 
selector mechanism mechanically interconnects a single one of said elongated 
tensioning elements with said actuator such that displacement of said actuator 
generates deflection of said tip in one of said four predefined directions, and a 
second state of said selector mechanism mechanically interconnects two of said 
elongated tensioning elements with said actuator such that displacement of said 
actuator generates deflection of said tip in one of four intermediate directions 
each lying between two of said four predefined directions. 

76. The steering mechanism of claim 71, wherein said actuator 
includes a ring which is slidable relative to a handle associated with the 
catheter, and wherein said selector mechanism includes a slide attached to each 
of said tensioning elements and slidably deployed within said handle and at 
least one projection projecting from said ring such that, when said ring is 
rotated, said at least one projection selectively engages at least one of said 
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slides such that displacement of said ring causes movement of said at least one 
slide. 



58 



WO 03/086498 



PCT/IL03/00323 




1/23 



WO 03/086498 



PCT/IL03/00323 




2/23 



WO 03/086498 



PCT/IL03/00323 




f lC. 3 



3/23 



WO 03/086498 



4/23 



PCT/IL03/00323 




WO 03/086498 PCT/IL03/00323 




54c 



fid. sn 



5/23 



WO 03/086498 



PCT/IL03/00323 




54c 

fit . 5C 



6/23 



WO 03/086498 



PCT/IL03/00323 




7/23 



WO 03/086498 



PCT/IL03/00323 




8/23 



WO 03/086498 



PCT/IL03/00323 




9/23 



WO 03/086498 



PCT/IL03/00323 



o4 
c4 




10/23 



WO 03/086498 



PCT/IL03/00323 



fk. r 



L 



b I R££rfi ON FW*t r 

volition e>y Ta/\fiA*ufrvtf 





11/23 



WO 03/086498 



PCT/IL03/00323 



\oO- 



102- 



X- 



Wis 




\0(+ 



wo 



12/23 



WO 03/086498 



PCT/IL03/00323 




13/23 



WO 03/086498 



PCT/IL03/00323 



FIG. 12A 





14/23 



WO 03/086498 



PCT/IL03/00323 



1 7-0 



fwwc£ (AxH&re* **** '* r 

PofM tecoW* 




\2l* 



. _JL , 

HEP BAT FOR l* A t>RAMC^ 



15/23 



WO 03/086498 



PCT/IL03/00323 



F/ff- 




13^ 




FiC. 16 



F<4. IS 6 





16/23 



WO 03/086498 



PCT/IL03/00323 




17/23 



WO 03/086498 



PCT/IL03/00323 




ISO /5i 




18/23 



WO 03/086498 



PCT/IL03/00323 




19/23 




20/23 



WO 03/086498 



PCT/IL03/00323 




21/23 



WO 03/086498 



PCT/IL03/00323 



LOCK C,WC& ELEMENT 
WITHfM 77/ 




V 



lN$£RT TOOL, ALOW $h£*V{ 



FI4. 23 




22/23 



WO 03/086498 



PCT/IL03/00323 




23/23 



